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We describe here the development of an EL2 Electret Transmitter

that provides desirable attributes for use in hands-free-answer tele-

phony and future electronic and special-purpose sets. The EL2 has

lower sensitivity to spurious electromagnetic and mechanical signals

than do existing magnetic transmitters. It offers lower dc power
consumption, smaller size, and lower intrinsic noise and distortion

than the carbon microphone. Formulation of an electro-mechano-

acoustic electret model allows parameter optimization, in which side

conditions on electrostatic stability and a prescribed transmit fre-

quency response are adhered to. We show that higher sensitivities

are possible with larger air film thickness, until the decreasing source

capacitance becomes a limiting factor. Multiple diaphragm supports

allow decreased film stress with no change in the stable electret

charge or sensitivity. We describe theoretically a thermal stabiliza-

tion procedure that minimizes long-range stress relaxation effects by

accelerating viscoelastic changes. Based on film data, we project

nominal sensitivity variations within ±1 dB over 20 years of service.

In the design, metallized poly(tetrafluoroethylene) electret film is

tensioned, supported, and clamped above a selectively metallized

stationary electrode forming three cells acoustically and electrically

in parallel. A preamplifier completes the subassembly, which is

housed in a rectangular aluminum enclosure shielding the trans-

ducer. Typical EL2 parameters are -32 dBV/N/m 2
sensitivity at

1 kHz, 1 W, output impedance, 3.2 kHz response resonance frequency,

and 2 to 16 V required dc supply.
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I. INTRODUCTION

Electromagnetic transducers based on the modulation of a biasing

magnetic field in an air film appeared as microphones (often referred

to as transmitters in telephony), receivers, and loudspeakers very early

in the development of telephony.
1,2 Today, this mechanism is employed

in general-purpose u- and L-type telephone receivers in the Bell

System. A smaller electromagnetic transducer, the afI, was used as

the electroacoustic transmitter in speakerphone modules until mid-

1978. However, because of its operating principle, in recent years it

was recognized to be inherently susceptible to an increasing incidence

of spurious electromagnetic signals at customer locations. At the same
time, interest was growing in a new telephone transmitter for electronic

and special-purpose residential sets as well as for hands-free-answer

features in business sets. The former residential applications generally

require lower dc power consumption and smaller size than are typical

of the variable-resistance granular carbon transmitter
3 such as the T-

type used in general-purpose sets. Moreover, the carbon transmitter,

being dependent upon periodic mechanical agitation, is not suitable as

the stationary transmitter in hands-free-answer applications. These
events encouraged Bell Laboratories development efforts

4 and the

subsequent design of the el2 Electret Transmitter. Compared to the

afI, the electret promised a greatly reduced sensitivity to electromag-

netic as well as mechanical vibration interference. Its signal power

efficiency is surpassed only by the carbon transmitter. However, com-

pared to the latter, the electret could be used in applications where
lower bias power consumption, smaller size, lower intrinsic noise and

distortion, and the potential for longer service life were required.

A variable-capacitance transducer is based on the modulation of a

biasing electrostatic field in an air film. In an electret, that field is

provided by an "electret charge" distribution
5
typically implanted in,

and near the surface of, a thin, solid, dielectric film abutting the air

film. The externally biased condenser microphone was first demon-
strated by A. E. Dolbear6

in 1878, although E. C. Wente7 was the first

to develop a practical instrument in 1917 at the AT&T Research

Laboratories. In 1928, S. Nishikawa and D. Nukiyama used a thick,

wax plate electret element in building an early electret transducer.
8
In

the United States, R. T. Rutherford was granted an electret micro-

phone patent in 1935.
8 While the Japanese used wax electrets during

World War II, their extremely low capacitance and unstable electret

charge retention remained a problem.8 In 1962, Sessler and West
developed the electret-biased, polymer-film transducer910 at Bell Lab-

oratories. Made with charged thin Teflonf films, these microphones

t Registered trademark of E. I. DuPont de Nemours.
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overcame the earlier limitations of self-biased units. Through the

1960s, large investments in the development and design of polymer-

film electret microphones were made, largely outside telephony. Bell

Canada introduced their electret transmitter design into an operator

headset product in 1970" and later into a speakerphone. Recent efforts

at Bell Laboratories culminated in initial Western Electric production

shipments of the Bell System el2 electret transmitter
12

in May 1977.

It has now replaced the afI in the 4A Speakerphone and is being used

as the stationary transmitter in a number of business sets for hands-

free-answer services.

This paper covers the transducer device aspects of the el2 devel-

opment and design, while a companion article
13

will treat new tech-

nological aspects of the project. Here, analytical modeling and param-

eter optimization are first presented (Section II). Those results, cou-

pled with physical, electrical, material, and telephone constraints are

then shown applied in the physical design (Section III) to achieve

performance and reliability objectives (Section IV).

II. ANALYTICAL MODELING AND OPTIMIZATION

2. 1 Transducer physics and model

Capacitance microphones are based on the modulation of a biasing

dc electric field in a gas dielectric; the field in turn modulates the

induced surface charge on an adjacent electrode. In the electret micro-

phone (see Fig. 1), the biasing field in the air film is the result of a

fixed "electret" surface charge
14 which may be considered trapped on

an imaginary electrode at the surface of the polymer film adjacent the

air film. Free charge is thus induced in the "stationary" electrode.

Assuming a homogeneous isotropic linear solid dielectric and a one-

dimensional electric field normal to the stationary electrode, an appli-

cation of (i) the charge equation of electrostatics, (ii) Gauss's equation

on the line integral of electric field, and (Hi) jump conditions on the

continuity of electric displacement
15 may be shown 16

to yield the

electric field in the air film and the induced free surface charge on the

stationary electrode as, respectively,

El = (Ve + od/e)/(h
l + de /e),

oh = eoE
i

. (1)

Here, e and e are the dielectric permittivity of the polymer and air

films, respectively, — a is the negative electret surface charge per unit

area, d and h i

are the polymer and air film thickness, respectively, and

an externally applied dc voltage Ve across the stationary and moving

t See appendix for partial list of symbols.
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Fig. 1—Multicell electret transmitter: 1. Sound port and impedance material; 2. Front
acoustic chamber; 3. "Electret-charged" polymer film diaphragm; 4. Diaphragm metal-

lized electrode; 5. Air film; 6. Stationary electrode with holes; 7. Rear acoustic chamber;
8. Preamplifier.

diaphragm electrodes has been assumed presently, in addition to the

electret self-bias. Meter-kilogram-second units have been employed.

The electrostatic traction, T, exerted on the polymer film diaphragm

is given by the normal surface component of the Maxwell electrostatic

stress tensor in the air film, i.e.,

T = e„ (El)
2
/2. (2)

Since T, together with the polymer film membrane tension, will deter-

mine the biased diaphragm equilibrium displacement, it is clear from

eqs. (2) and (la) that electrostatically an electret bias charge a of

magnitude such that

ad/e - VE (3)

is equivalent to an external voltage Ve present in a nonelectret capac-

itance (condenser) microphone. This equivalence, previously shown by

Warren et al.
18 by employing energy considerations, can likewise be

shown to hold for dynamic operation as first discovered by Sessler.
14

Henceforth, only a passive electret self-bias will be assumed present;

that is, we take Ve a in eq. (la). Of course, all results can easily be

applied to capacitance microphones using the equivalence (3). It is

noted that quantities representing the biasing electrostatic equilibrium

(or intermediate) state are being designated with the superscript "1."

In Fig. 1, a multicell electret diaphragm supported by ribs, spaced at

distance 2a and each of length 26, is shown in its equilibrium position.

Identical individual cells operating acoustically and electrically in

parallel are formed. A membrane diaphragm's effective "lumped pa-

rameter" mass, stiffness, and area (all per unit cell) may be written,
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respectively,

Me = KPda\ Ke = yS, Ae = fia
2

. (4)

Here, p is the film mass per unit volume and S is the applied membrane

force per unit edge, hereafter referred to as tension. For a rectangular

diaphragm used in a capacitive transduction device, the constants may

be shown to be appropriately based upon the average membrane

displacement and are given by
lb

k = tt
4
£/16A, y = 7r

2
K/4, 0«4|A, (5)

where £ is the number of cells formed and X = £2a/2b is the prescribed

overall diaphragm aspect ratio; the prescribed overall diaphragm area

is then £Ae . Relations (5) were derived assuming one-dimensional

tension in the horizontal direction in Fig. 1, and with zero displacement

at all boundaries surrounding each unit cell. Referring to the figure,

the electrostatic displacement, w, of the effective rigid piston model is

defined by

h l = h-w. (6)

The input sound port and acoustic material act as a damped mass,

Mf, of incompressible air, having effective area AF and damping

coefficient RF , which add a degree of freedom to the system. When an

acoustic signal p(t) is impressed upon this mass, coupling to the

diaphragm is effected through a front acoustic chamber stiffness Kf-

Diaphragm motion is likewise influenced by the rear acoustic chamber

stiffness KR , thin air film damping 19
Rr, its own mechanical mass and

stiffness, and air mass loading. Due to the inherently low capacitance

of the combined cells, a preamplifier of high input impedance,

Zp = l/(l/#„+ ywCp), (7)

and near-unity gain A is housed in the microphone rear acoustic

chamber. Hereafter, a bold-face quantity denotes that it is to be

considered complex.

2.2 Equations of motion and stability

One may show that the electrostatic potential energy stored in the

dielectric/electrode system in Fig. 1 may be written in terms of a,

ob, d, and h\ Energy and external work expressions for all mechanical,

electrical, and acoustic elements may likewise be written. With these

expressions, one can treat the coupled electrostatic-dynamic system

by letting

OB-+oB + dB (t), h x ^>h l -u(t), (8)

ob being the "small" time-varying charge and u the small dynamic
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diaphragm displacement. An application of Lagrange's equation yields

the equations of motion 16

(9)

where, assuming small dynamic fields superposed on a "large" electro-

static bias, we have used u(t) <sc h1
, OB(t) <3C as- Above,

X = (ad/€)/ju(h l + dfi), /i = e /e, j
2 = -1, ZK - -Kp/ju

ZF = (RF + ju)Mf)/t
2 -Zk,

T = AF/Ae, Ze = Zp + l//coC\

C 1 = €„Aev/(h
x + dfi), ZM =jo>Me + RR + (Ke + KR + KF)/jw,

Kf,r = p ac
2AU/vF,R, Me ->Me + (V3)pa(vF + vtt)l£. (10)

In eqs. (9), P, U, I = OBAev, and Y£Ae are the steady-state complex

amplitudes of the input sound pressure, piston diaphragm velocity, cell

current, and sound port volume velocity, respectively, and x is the

electromechanical coupling coefficient. The factor v is defined as that

fraction ofAe metallized on the stationary electrode, to is the circular

frequency, vF and vr are the front and rear acoustic chamber volumes

(vr includes the volume of the stationary electrode holes), and pa , c

are the density of, and sound wave velocity in, air. Relation (10k) on
Me allows for the air mass loading on the diaphragm by the "gas

spring" acoustic chambers. In addition, Lagrange's equations, due to

equilibrium of the bias state, yield the electrostatic stability criterion

tj - L/(l - t,)
2 = 0,

where, for a stable and physically realizable solution,

L = (od/e)
2
e a2

/3p/2yS(h + rfju)
3 ^ 4/27,

i) = w/(h + dfx) ^ 1/3,

(11)

(12)

a well-known result.
20

The open-circuit "cell sensitivity" and associated cell source imped-

ance are defined, respectively, as

V = Limit (ZPI)/P, Zs = (VP)/I |* . (13)

In the absence of small motional impedance terms evident near reso-

nance, ZJ
1 can be shown to reduce to juC 1

, where C 1

is the cell

capacitance in the electrostatic equilibrium state; see eq (lOh). Of
course, (13b) will be employed in calculations. The electret "transmit-
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ter sensitivity" is given by

VP = V[ZP/(ZP + ZS/£)]A, (14)

where £ accounts for the fact that the cells are in parallel, and A was

defined following eq. (7). Before proceeding, it is noted from Griffin's

work 19
that the thin air film damping Rr is proportional to l/(/i')

3
, and

to the cube of the spacing between rows of stationary electrode holes

in each cell as shown in Figs. 1 and 5. This degree of freedom over the

magnitude of Rr will prove most helpful.

2.3 Optimization and EL2 design

In telephony, it is desirable that the transmit frequency response

rises and peaks at the upper end of the telephone bandwidth, that is,

between 3 and 4 kHz. This specification on frequency and level, which

places a side condition on microphone design, may be approximated

by allowing Mf and Rf, i.e., the sound port impedance, to vanish

presently in the expression for V. Then, finding the maxima of
|
V

|

with frequency in terms of the well-known dynamic magnification

factor,
21 M(u), of a mass-spring-damper system can be shown to yield

<oS/u* = (1 - Mm1
)

1 '2 = 1 - Rl/2MWn, (15)

where Mm is the maximum of M occurring at the damped resonance

frequency to,/, and the natural frequency is given by

co
2 = (Kc + Kn)/Mr . (16)

Since Mm and torf will be prescribed, (15a) yields a side condition on

u>„. It is also seen from eq. (15b) that the desired Mm may be achieved

by realizing the proper Rr as previously indicated. While the analytical

optimization will be described more thoroughly in Ref. 16, most results

are provided here. First, with stability criterion (12a) and side-condi-

tion (16), it may be shown that maximum
|
V

|
is achieved forw 2 = Ke/

Mv , that is, vr = oo. A design at Ke = Kr will be 3 dB below maximum
|
V |, but will require lower film tension. This result is unlike that

reported by Fraim et al.
22 where the frequency side condition was

treated but not as an integral part of the optimization. Second, it may
be shown that |V| oc (h + rf/x)

1/2 owing to a higher electrostatically

stable electret charge level with increased h [see eqs. (11) and (12)] as

seen in Fig. 2. However, since increasing h lowers the source capaci-

tance, eq. (14) can yield a transmitter sensitivity which reaches a

maximum with h, as seen. It may be shown from side condition (16)

that

Socl/£ 2
. (17)

Then, in the stiffness-controlled region it follows that
|
V

|
is independ-
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Fig. 2—One-day cell sensitivity, transmitter sensitivity, and corresponding stable
electret charge vs air film thickness for a rectangular design. For all h, S = 60.1 N/m. No
front chamber is present.

ent of £ and thus cell size. Similarly,
|
Zs |

and
|
Vp |

may be shown
independent of fallowing relation (17) to be freely employed in keeping

film stress levels below strength limitations by increasing £.

The design approach is now to use condition (16) to determine S for

a given geometry. Then constraint (12a) determines the stable charge

level possible. Such data were obtained for the el2 for a)
2
/u>d <£ 1

while iterating parameters such as d, h and vr. In applying (12a), the

upper bound on L, i.e., 4/27, was reduced to f(4/27) to allow margin

for (i) worst-case tolerances expected, (ii) anticipated aging effects,

and (Hi) a safety factor related to extreme service conditions, modeling

assumptions, etc. Item (ii) is discussed later. The following values,
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descriptive of the el2, were used to generate Fig. 2:

wd = 2tt(3980 Hz),t MM = 2.24,t £A e = 7.3 X 10" 5 m2
,

A = 1.74, | = 3, r = 0.73, d = 29 /mi,

ite = 8.5 X 10" 7 m3
,

£ = 0.114, p = (2.23 X 10
3 + 38.6 X \Q~ A

/d) kg/m',

€ = 2.08€„, A = 0.9, Cp = Cin + Cstray = (5 + 6) pF. (18)

The second term in eq. (18/) on p is added to the el2 polymer film

density to account for the metallized electrode mass (film and metal-

lization are described in Section III), and e,„ p,„ and c are well known.

For all h in Fig. 2, condition (16) yielded tension S = 60.1 N/m. Curves

such as those in Fig. 2 together with additional physical, material, and

electrical constraints allowed optimum final parameters such as h, d,

and vr to be chosen. With the parameters in eq. (18) and choosing

h = 36.1 /xm, Fig. 2 gives o = 13 X 10"8 C/m2
(ad/e = 204 volts) for the

el2.

2.4 Thermal stabilization and EL2 performance

Given the above el2 design parameters, we find that h} = 35.2 /im

and Rr = 0.032 Ns/m which, together with cell geometry, yield
19

the

required spacing between rows of holes in the stationary electrode.

Then the transmitter performance including its sound port acoustic

impedance23
influence is seen in Fig. 3, where we have used for the el2

R„ = 10
8 ohms, vF = 0.7 X 10" 7 m3

, A F = 1.72 X 10
_6
/£ m 2

,

RP = 0.4 pa<t>/£ + 2.53 x 10-y,(axJ>)
1/2

/£ Ns/m,

MF =2.2lx 10"V! kg, (19)

<f>
being the kinematic viscosity of air. The calculated response is seen

to match that typically measured quite favorably across the telephone

bandwidth. The response, influenced by input acoustics, peaks at

about 3080 Hz and
|
Vp | at 1 kHz and £C' are -31.8 dBre 1 V/N/m2

and 9.6 pF, respectively. Above the frequency of peak response (asso-

ciated with the first diaphragm resonance), the results begin to differ

due to the single degree-of-freedom model used for the continuous

diaphragm.

To this point, we have ignored tension and electret charge variation

with time; accordingly, all previous results are referred to 1 day past

manufacture, as represented in Figs. 2 and 3. However, the viscoelastic

polymer film undergoes stress relaxation and/or creep under load.

Similarly, extensive investigation has been conducted on electret

charge retention at Bell Laboratories and will be reviewed in a com-

t Prescribed in the absence of sound port impedance.
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panion article.
13 Here, we simply give a curve fit for the assumed el2

electret charge retention at room conditions normalized to the 1-day

level, a[l]:

a(t)/a[l] = £ T,e-
t/s

; (600 s ^ t ^ 20 yrs),

r,

0.954

0.039

0.001

0.004

0.003

.0.005.

Si

9.66 X 10
ir

|

1.08 X 10
9

2.37 X 10
7

3.81 X 10
6

2.50 X 10
5

1.03 X 10
4

. (20)

Data indicate the initial electret charge to be about 1 percent above

a[l], which will be employed here. Since a/a[l] is only down to 0.97 at

20 years, it is not surprising that the diaphragm tension relaxation will

be of far greater impact. Recently, Wang and Matsuoka24
studied the

viscoelastic behavior of metallized annealed el2 film. Through time-

temperature superposition, they obtained a reduced relaxation modu-
lus vs reduced time over a 500-year period at room temperature (using

18,000-s high temperature isotherms-ambient to 75°C). Using a gen-

eralized Maxwell model,25
their result for the room temperature relax-

ation modulus is here expressed numerically by

&°(t) = Y Vi*-"11

, (600 s ^ t S 500 yrs),

<&i

30.11

3.61

4.04

4.42

4.97

. 7.03J

X 10
7 N/m2

,

"1.14 x 10
n
"|

1.59 X 10
9

1.88 X 10
8

6.36 X 10
6

2.38 X 10
5

6.48 X 10
3

.

8,

(21)

where superscript "o" denotes room temperature. To their Arrhenius

plot of the temperature shift factor ar, the Arrhenius equation,

In aT = 25,530[1/(T + 273) - 1/(2" + 273)], (22)

has here been fit, where T is temperature in °C, and T° = 22.7 °C.

In el2 manufacture, the diaphragm undergoes a fixed stress a
M

for

a short duration, t = to t, during which time the material creeps to

strain e
M

. At time t, the film diaphragm is clamped permanently at

strain e
M

. Stress relaxation in accordance with the decreasing modulus

then ensues. While a
M

could be chosen such the proper membrane
tension, S, and hence frequency response previously prescribed at 1

day were obtained, unsatisfactory increases in sensitivity and decreases

in resonance frequency would occur during, say, a 20-year service life.
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Fig. 3—Typical el2 frequency response one day after assembly (following thermal

stabilization), at room temperature.

For this reason,
26

a "thermal stabilization" procedure has been devel-

oped whereby the electret devices are placed at high temperature T*

for durationM = t2 - U where F<sc t\ < t2 ^ 86,400 s (1 day). While the

mechanics of the resulting thermoviscoelastic problem are only

sketched below, the reader may refer to Ref. 16 for more details. For

a thermorheologically simple viscoelastic material undergoing "small"

strain, the following linear constitutive equation holds
27

a
M

(t) = 6
M

(d)

-rJo
\e-e')^p-de't

6(t)= l/aT dt, (23)

where t is the real, and 6 the reduced, time. For t :» t, it may be shown

that the creep between t = and t may be viewed as a step in strain

of magnitude e
M

at t = 0. From the convolution integral (23a), it may
be shown using the Dirac-delta function and Laplace transforms that

f
(t) = aM(6) = e

M&°(0), t» l (24)

Now, for I <£ t g ft, — t and eq. (24) yields a well-known result.
28

During stabilization, eq. (23b) gives = t\ + {t - tx)/aT(T*), which is

the basis for time-temperature superposition.
29 For the service life,

t^t2 ,

0= tl + ( t -t2 ) + M/aT(T*). (25)

At 1 day, the stress o
M = S/d is prescribed as can be seen from eqs.
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(15), (16), and (4b)—see the argument following eq. (16). Thus, e
M may

be determined from eqs. (24) and (25). In a manner similar to that

used in obtaining eq. (24), it can be shown that the actual step change

at t = yields

€
M

(t) = dMJ°(t), 0<t^l (26)

in a"

With the creep compliance J°(t) known, we can then find from eq.

(26) the required a
M

that must be applied to the film for duration t to

achieve the desired 1-day tension following stabilization. Microphone

performance for all t» t(i.e., during the service life) is thus independ-

ent of the choice of a (t, a
M

) pair satisfying eq. (26). However, since the

creep compliance increases more rapidly with time initially, manufac-

turing tolerances on t, to maintain a given (acceptable) variance on
aM for all t :» t, are less restrictive for larger t. Desiring time-inde-

pendent transmitter performance through the service life, the following

parameters were chosen for the el2: T* = 60°C, kt = (2/3 day), and

t2 = (1 day), yielding e
M = 0.65 percent. Then, for for t = 60 s, we use

24

J"(t) = 10.6 X 10"6 m2/N and obtain the el2 initial stress a
M = 4.2 X

10
6 N/m2

or tension, 122 N/m (more than twice the 1-day level), to be

applied. Note that aM could be lowered by increasing t. It is interesting

that at 1 day, « (29 years), that is, the equivalent of 29 years of room
temperature relaxation has been effected. Now, with time variations

in both eqs. (20) and (24) present, quantities like h\ Rr, and Ke change

accordingly, and the results in Fig. 4 are obtained; el2 performance

during the service life has been "stabilized." The 1-kHz transmitter

!-;* -30
< >

LOG 10 (t, seconds)

5 6 7 8 9

-32tot o
> -I

t8 -34
to
N

36

. 4000 -
N

O uj" 3500 -
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£* 2500
u. <
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-1 1 1—

I
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Fig. 4—Predicted el2 sensitivity at 1 kHz and frequency of peak response level vs
time at room temperature, stabilized at 60°C for 16 hours.
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sensitivity is seen to drop very slightly during the first year due to

minor but dominant charge decay assumed, after which time slight

tension relaxation causes
|
Vp |

to rise and the resonance frequency to

decline slightly.

III. PHYSICAL DESIGN

3. 1 Constraints and objectives

The physical design of the el2 electret transmitter was guided by

the following factors: potential applications, reliability, and manufac-

turability. The primary application for the new electret microphone

has been the replacement of the afI in the 680-type transmitter

module used with the 4A Speakerphone. This application dictated

physical constraints based on the existing module configuration. The

size of the afI was an upper bound on that of the el2. Electrical

compatibility with other expected applications was also a major influ-

ence on the impedance and dc power requirements for the microphone.

The low cell capacitance results in a combined cell source impedance

(Zs/£) of 16 MS2 at 1 kHz. This high impedance necessitates the use of

an internal preamp intimately associated with the cells to reduce

loading of the output signal (V), and to minimize external electromag-

netic field pickup. Potential use in line-powered applications required

the preamplifier to be operational down to a supply voltage of 2 volts.

Performance objectives were also stipulated to insure satisfactory

operation in all anticipated applications. Electroacoustic conversion

efficiency, frequency response, and mechanical and electromagnetic

interference sensitivity were some of the operational characteristics

specified.

The optimized parameters generated with the analytical model [see

eqs. (18) and (19) for most physical design parameters] provided a

framework for the physical design. The ultimate configuration reflects

model results that were in turn influenced by physical, material, and

telephone constraints. A major effort was made to insure simplicity

and ease of assembly while stressing environmental reliability and long

life. Twenty years service within an operating temperature range of

-23°C to +49°C was the overall design objective.

3.2 Description

3.2.1 Subassembly

The heart of the microphone is the subassembly or "cartridge,"

shown in the exploded view in Fig. 5. The diaphragm is positioned and

tensioned across the face of the backplate between the shim and

clamping plate. The spring clip clamps these parts against the top of

the backplate while holding the preamplifier in position on the under-

side. The backplate is the nucleus of this structure with the other parts
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el2 subassembly.

assembled to it. An electroplatable grade of acrylonitrile butadiene

styrene (abs) is used to mold the backplate to facilitate selective

metallization of the three microphone cell areas located on its upper

surface. These conductive areas, which are electrically common, serve

as the stationary electrode of the microphone configuration. A small

diaphragm support rib 36 jim high (h) surrounds each metallized cell

area. These supports are unmetallized to reduce stray capacitance.

The diaphragm resting on these ribs creates the air film {h
l

) between
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the flexible diaphragm and the stationary electrode. The sensitivity of

the microphone output to changes in this air film necessitates the use

of precision molding techniques to maintain dimensional control of rib

height to within ±5 jum (±0.0002 in). The holes through the backplate

couple the air film under the diaphragm to the rear acoustic chamber

and are spaced at a distance to effect proper air film damping in

accordance with the model in Section II. They are located in rows at

the outer edges of the cells adjacent to the ribs. This maximizes the

amount of continuous electrode area (vAe ) in the center region where

the greatest diaphragm displacement (u) occurs.

The preamplifier is a conventional source follower configuration

with a jfet transistor and two thick film resistors on a ceramic

substrate providing an effective impedance transformation and a volt-

age gain of -1 dBV. The input impedance (Zp) is approximately 100M
ohms resistance in parallel with about a 5-pF junction, and 6-pF stray

capacitance. The output impedance is nominally 1 kilohm. A contact

spring soldered to one end of the substrate provides electrical conti-

nuity from the stationary electrode on the backplate to the input of

the amplifer circuit, while mechanically clipping the preamp to the

backplate. Three leads extending from the opposite end of the sub-

strate provide for electrical bias, output, and common connections to

the assembled microphone. Two small chip capacitors bridge these

leads on the substrate to provide rfi suppression.

The electret diaphragm material is a 29-/xm thick, stress-relieved,

cast, poly(tetrafluoroethylene) (ptfe) film. It is metallized on one side

with a titanium flash approximately 100 A thick under 2000 A of

evaporated gold." The metallized side of the film functions as the

movable electrode in the microphone. This particular Teflon film was

selected for its superior charge retention characteristics. It is electro-

statically charged to approximately 13 X 10"5 C/m2
to provide the

electric field (El) in the microphone assembly air film. The charge

(—a) on the polymer film eliminates the need for the external dc bias

required in conventional condenser microphones. The diaphragm is

tensioned longitudinally under fixed load S = 122 N/m for duration t

= 60 sec minimum prior to clamping it in the relative position indi-

cated, and with the metallized side opposite the air film. The nominal

value of t chosen is influenced by two primary considerations. The

duration of t should be maximized to minimize its tolerance stringency

[see the discussion following eq. (26)], whereas it should be minimized

for the sake of manufacturing expediency.

A thin Mylarf shim is sandwiched between the backplate and

t Registered trademark of E. I. DuPont de Nemours.
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clamping plate along with the diaphragm film. It provides a relatively

compliant surface against which to clamp the film. "Hard" clamping

the diaphragm without a shim would result in nonuniform clamping

pressure, causing nonuniform tension across the width of the film. The
tab on the end of the shim provides electrical insulation between the

preamp contact spring and the enclosure in the final assembly.

The clamping plate is a metallized precision molded piece part which

is indexed on the backplate and clamps the pretensioned diaphragm in

position across the cell area. Both the clamping plate and backplate

are molded from the same grade of abs material so as to have a similar

thermal expansion coefficient. This coefficient also approximates that

of the electret film. The clamping plate is metallized to provide

electrical continuity from the metallized side of the electret film to the

spring clip, which is connected directly to the common terminal on the

preamp.

The phosphor bronze spring clip maintains a compressive spring

force of approximately 20 N on the assembled parts to keep the

diaphragm properly tensioned. This force is sufficiently large to pre-

vent slippage of the diaphragm in the cartridge assembly, but is limited

to avoid overstressing and causing cold flow of the plastic parts. The
clip also provides electromagnetic shielding by surrounding most of

the subassembly and being electrically connected to the preamp com-

mon terminal. After clamping with the spring clip, the subassembly is

a working microphone configuration. The spring clip design permits

easy disassembly to facilitate repair or reassembly if required prior to

final assembly.

The completed cartridge assembly is thermally stabilized, which
involves "soaking" the units at an elevated temperature of 60°C for a
period of 16 hours to accelerate the diaphragm stress relaxation. This

preaging treatment results in a more uniform and stable product (see

Fig. 4). Preliminary testing is done after stabilization to evaluate

microphone performance prior to final assembly.

3.2.2 Final assembly

Final assembly involves ferruling the pretested subassembly into a

rectangular aluminum enclosure and back cover. A stainless steel

woven wire acoustic screen is included in front of the subassembly and
a gasket across the back, as shown in Fig. 6. The screen, in conjunction

with the input sound port, provides acoustic impedance elements Rf
and Mf which modify the frequency response. The wire screen also

serves as a dirt shield across the input sound port. The gasket provides

electrical insulation between the preamp and back cover and functions

as a shock-absorbing element in the microphone assembly. The exter-

nal aluminum enclosure is electrically connected to the common ter-
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—

el2 final assembly.

minal on the preamp, thereby providing additional electromagnetic

shielding. Acoustic leaks around the leads are sealed, and the complete

unit is tested according to the final requirements. A cross section of

the completed el2 microphone is illustrated in Fig. 7 to provide an

overall perspective of the assembly, which is 18 by 12 by 7.6 mm in

depth.

IV. MICROPHONE PERFORMANCE

4. 1 Performance characteristics

The el2 operates on a bias supply of 2 to 16 V while drawing about

150 fiA. Figure 3 shows a typical measured frequency response of the

telephone transducer compared to the calculated result from the

model. The response is relatively flat in the lower frequency stiffness-

controlled region and rises about 7 dB to the resonance peak at 3200

Hz, above which the level falls off rapidly. The typical electroacoustic

sensitivity at 1 kHz is -32.0 dBV/N/m2
. Model results show that the

output signal level is altered by (uncompensated) changes in a number
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Fig. 7

—

el2 Transmitter Unit.

of the basic microphone parameters. For example, the variation of

output voltage versus charge for this microphone configuration is given

by 0.7 dBV/10~5C/m2
. This relationship was verified both analytically

and empirically. el2 sensitivity will also vary with changes in the air

film thickness in accordance with the gradient —1.4 dBV/5/im, which

substantiates the need for precision molding of the diaphragm support

ribs. The microphone output variation with applied tension is given by
—0.5 dBV/8N/m. The resonance frequency also varies with tension

according to the ratio of 100 Hz/8N/m. It must be pointed out that

these coefficients, which are linear approximations, apply only for

minor variations about the nominals specified for the basic parameters.

The vibration sensitivity of the microphone is < —40 dB re 1 V/g at

1000 Hz. The el2 "signal voltage to spurious mechanical noise voltage"

ratio is about 20 dB greater than that of the afI microphone. This

improved vibration isolation is acquired due to the relatively low mass
of the electret diaphragm. The rfi sensitivity is < —75 dB re

1 V in a 10 V/m field from to 300 MHz. The hum or low-frequency

electromagnetic pickup sensitivity is < —95 dB re 1 V/gauss at 60 Hz.

The hum interference rejection of the electret is 35 dB better than

that of the afI. In general, the electret microphone successfully met
all the performance objectives initially outlined and performs well as

a replacement for the afI in the 4A Speakerphone.

4.2 Reliability

The ruggedness and reliability of the el2 design have been estab-

lished by tests
30 which included mechanical and thermal shock, vibra-
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tion, and combinations of temperature and humidity. The small

changes which occurred during the course of the study tests had

minimal effect on overall performance. The output was found to vary

slightly as a function of temperature at a rate of 0.045 dB/°C.30 This

is a reversible effect, resulting in no permanent change in output upon

return to ambient temperature. The charge retention of the el2

electret film, found to be very stable, is discussed in detail in a

companion article.
13 Moreover, earlier studies over 800 days of testing

compared sensitivity variations (aging) of numerous commercial and

Bell Labs' prototype electret microphones to transducers employing

other mechanisms including granular carbon, electromagnetic, and

piezoelectric. The aging conditions ranged between 25°C/40% R.H.

and 65°C/90% R.H. The electret devices performed comparably to the

other types of microphones in these tests.

V. SUMMARY

An el2 electret transmitter has been developed which provides

lower sensitivity to spurious electromagnetic and mechanical signals

than the afI magnetic transmitter it has replaced in the 4A Speaker-

phone. It offers lower dc power consumption, smaller size, and lower

intrinsic noise and distortion than the carbon transmitter. These

attributes make it a strong candidate to replace the carbon transmitter

in future electronic and special-purpose sets.

An electro-mechano-acoustic model of an electret transmitter gov-

erning its coupled electrostatic/dynamic operation has allowed el2

parameters such as air film thickness, number of cells, and acoustic

chamber volume to be collectively optimized. It is shown that, within

bounds, sensitivity can actually be raised by designing with increased

air film thicknesses. The analysis is novel in consistently treating a

side condition governing the prescribed response resonance character-

istics as an integral part of the optimization. Also, a thermal stabili-

zation procedure used to minimize the effects of long-term stress

relaxation (accompanied by charge decay) is described theoretically

and optimized. Virtually constant sensitivity over the service life is

shown possible.

These results, coupled with physical, material, and application con-

straints, are shown applied in the physical design to achieve desired

performance and reliability. A metallized Teflon electret film is ten-

sioned, supported, and clamped above a selectively metallized station-

ary electrode forming three cells acoustically and electrically in par-

allel. A preamplifier and input sound port complete the subassembly,

which is then tested and housed in a rectangular aluminum enclosure,

electrically shielding the transducer. The nominal el2 electroacoustic

sensitivity, output impedance, response resonance frequency, and re-
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quired dc supply are -32 dBV/N/m2
, 1 kSl, 3200 Hz, and + 2 to 16 V,

respectively. The response is relatively flat in the low-frequency stiff-

ness-controlled region. A 3-dB cutoff occurs below 100 Hz.

For completeness, note that the el2 is described here as it existed in

the initial design and field trial units and does not reflect minor

changes as a result of manufacturing experience. A companion article
13

will treat the new technological aspects of the el2.
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APPENDIX

Partial List of Symbols

—a Negative electret surface charge per unit

area.

h l Air film thickness in the electrostatic state.

h Rib height.

d Polymer film thickness.

Ii
= £o/€ Inverse of relative permittivity.

Me, Ae, Ke Diaphragm effective mass, area, and stiff-

ness per unit cell.

S Membrane diaphragm's applied force per

unit edge (tension).

£ Number of diaphragm cells.

ur, Kr Rear acoustic chamber volume, stiffness.

RR Air film damping coefficient

v That fraction of Ae metallized on the rear

electrode.

w, u(t) Diaphragm electrostatic and dynamic dis-

placement.

V, Zs Cell open-circuit sensitivity and source

impedance.

C 1 Electrostatic cell capacitance.

Zp = (l/Rp + jwCp )~
i

Preamplifier input impedance.

Vp Transmitter (microphone) sensitivity.

ton, oid Diaphragm natural and damped resonance

frequency (in absence of front chamber).
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jgM Maximum of the dynamic magnification fac-

tor (in absence of front chamber).

y°(t) Room temperature mechanical relaxation

modulus of the metallized film diaphragm.

o
M

(t), e
M

(t) Diaphragm stress and strain.

tt $ Real and reduced time.

J Time duration of diaphragm creep prior to

clamping.
Af

i
iM Diaphragm stress and strain at time t = t.
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